This article proposes a deployable frame for a morphing wing. The frame is redundantly constrained in structure, and therefore it has both merits of high structural stiffness and strength of a truss structure and motion flexibility of a mechanism. The primary element of the foldable frame is synthesized from the viewpoint of identical strength principle. The major structures of previous deployable wings are mostly based on prismatic joints. However, the deflections of the cantilevered links might not satisfy the primary geometry requirements of the prismatic joint. Therefore revolute joints are used in our deployable frame to avoid violating the geometry conditions for prismatic joints resulting from the different deflections of its contacting two parts. The deflection and slope of every joint node of the foldable frame is investigated within the deploying/folding process. Numerical analysis indicates that the deployment ratio of the foldable frame can be designed much larger than that of the existing morphing wing even considering the allowable deflection under the completely unfolded situations.
Introduction
Morphing concept for unmanned aerial vehicles is a topic of current research interest in aerospace engineering. 1 The target is to create a morphing wing that could reconfigure itself to present the optimal performance at all stages of flight. 2 Morphing technologies enable new flight capabilities, such as perching, urban navigation, and indoor flight. 3 Therefore morphing wing is particularly designed to alter its shape and span for various flight conditions so that the lift-drag ratio could be kept within an ideal range for different fly requirements. 1, 4 The ability to continuously change vehicle geometry provides a single air vehicle with a multiple-mission capacity, as it provides the vehicle to maintain the optimum or near optimum flight performance from one mission to another. 5 Generally, owing to the increased requirements for weight reduction, aircraft structures are becoming more flexible which renders their performance requirements to be much more stringent. 6 For current engineering, the major means of morphing include camber change, wing twist, wing sweep change, and wing span change while the last two are the widely discussed methods to vary the configuration of a wing for different flight conditions. 1 One of such morphing wing structures is the folding concept. 7 Folding structure concept was initially proposed for moveable theater by a Spanish architect, Pinero, in the early 1960s. 8, 9 Structures whose shapes are formed of folding/deploying processes are subsequently called foldable/deployable structures. Research and development of such structures mainly took place from the 1960s to 1980s. 10 Currently, folding polygonal frames are widely used in aerospace structures to support antenna reflectors and solar blankets the frame of which often consists of a closed loop of bars connected by revolute joints. They can have various forms, from squares, rectangles to hexagons. 11 The foldable systems for structural applications are often composed of a number of primary units such as truss module, which might include other additional elements to increase its stability. 12 Recent needs for space structures and nonconventional structures have extensively stimulated the research on mechanics and design of large flexible space structures. Space structures usually have to be made light and flexible. 13 Foldable plate structures consist of units of plate jointed together along their edges by continuous hinges. These hinges allow the structure to be folded according to an origami pattern formed by intersecting mountain folds and valley folds. 14 Foldable linkages consisting of rigid bars and revolute joints exhibit intriguing motion that is also aesthetically beautiful. Design of such linkages is a complex process by one simple fact that they are kinematically over constrained. It is their particular arrangement of specially designed and suitably proportioned rigid links that often allows them to move with a single degree of freedom. 15 The elemental module that creates the structural typology is made up of two bars connected with each other by an inner joint. In order to form a foldable framework, these modules are juxtaposed by connecting the ends of every bar. When the truss has a flat covering, all the bars prove to be absolutely equal, in a way that the inner connection in each bar is situated exactly at the midpoint of its length. 12 Because substantial geometry variations could provide efficient performance for disparate tasks which might not be possible with a fixed-geometry aircraft, 16 various wing geometries can be achieved in flight, allowing for multirole missions with the same aircraft. 7 Obviously, the skin system that can accommodate large shape variations while carrying and transferring aerodynamic loads is an important element of aircraft morphing technology. However, this article only focuses on the foldable frame of the wing which provides larger deployment ratio while supporting the loads transferred from the skin. The scissor hinged structure that is over constraint in structure but has mobile flexibility of a mechanism provide a possible frame for the morphing wings. So the structural theory of over constraint mechanisms 17 can be used to the innovative design of redundantly constraint deployable/foldable frame of the wing. What follows will focus on the synthesis of foldable frame of a morphing wing and investigate aeroelastics in folding and unfolding.
With multiple individually articulated sections, various wing geometries can be achieved in flight, allowing for multirole missions with the same aircraft. 7 Unfortunately, the wing root bending moment can be increased considerably due to the increase of the wing span. 1 Therefore, an investigation of the elastic characteristics of the deployable frame is very important for the variable span wing. The preliminary design of morphing aircraft requires aerodynamic analyses at widely varying flight conditions and geometric configurations. 16 Design optimization approaches for sizing a morphing aircraft for which the wing can make significant shape changes in flight are discussed in Wickenheiser and Garcia. 18 Optimal design of morphing aircraft wings employing a wing structure composed of an internal layout of cables and struts to provide actuation facility and high stiffness is investigated. 19 Shape and planform of the morphing wing could balance its performance to optimize the missions within the fly speed interval. 18 The effectiveness of a morphing wing can be measured in terms of required time, forces, moments, and control power to obtain maneuverability and performance characteristics similar or superior to those of a conventional counterpart. 5 Therefore, this article will first investigate the form of foldable frame for the morphing wing and then focus on the deflection and slope analysis during folding/unfolding.
Foldable frame of a morphing wing
The primary requirements for the foldable frame of a morphing wing are determined by the aerodynamics of a plane. For the wing with larger deployment ratio in current researches, the key element is a pressurized telescopic cantilever, which is able to undergo largescale spanwise changes while supporting wing loads. 20, 21 However, such a cantilevered structure easily violates the geometry conditions of the telescopic motions which are the primary requirements for a morphing wing because of the different deflections of the contacting two parts. The revolute joints accompanied by thrust bearings can well avoid this problem for it has less touching area of the joints than the telescopic one. Therefore, this article proposes a foldable frame based on revolute jointed structure for the morphing wing. What follows will first discuss the lift force distribution along the wingspan and then synthesize the foldable frame from the viewpoint of the principle of identical strength.
Primary requirements for the deployable frame of a morphing wing
Statistically, the wing circulations of an aircraft with canard wings can be expressed as 22
where x is the coordinate in the spanwise direction, À 0 ¼ 1 2 C L bV 1 which represents the maximum value of the wing circulations of an aircraft, and l denotes the wingspan and the deployment ratio is defined as & ¼ l max l min , b stands for chord of the wing, V 1 is the wind velocity, C L ¼ C L ð À 0 Þ which indicates the coefficient of lift force produced by the airfoil and indicates the angle of attack, and C L and 0 are parameters calculated based on the airfoil shape.
The distribution function of the lift force LðxÞ with respect to x is 22
where denotes the air density. Table 1 lists some of parameters of a morphing wing. Equations (1) and (2) can be found in Wang and Han. 22 With the parameters prescribed in Table 1 , the distribution of lift force LðxÞ with respect to the wing span, x, is calculated with equation (2), and which is shown in Figure 1 where the legends ls represent different wing spans. Figure 1 shows the changes of intervals of the lift force distribution when V 1 changes from 115 to 200 m=s. Both the upper limit curve and lower limit curve of the lift force interval are changing to be more and more horizontal when the wing span extends from 3 to 9 m. From equation (2), the total lift force gained by the wing can be expressed as
The distributions of shearing force and the moment along the wingspan satisfy that
where Q denotes the shearing force in the cross section of the wing and M represents the bending moment at x. From equation (4), one obtains
where C ¼ 1 2 C L ð À 0 ÞV 2 1 , Q C and M C are constants determined by the boundary conditions which are Qðl Þ ¼ 0 and Mðl Þ ¼ 0 here. Immediately, the following equations can be obtained from equation (5) where boundary conditions are applied.
For the frame of a morphing wing with large aspect-ratio, the major failures often result from the maximum normal stress. Therefore, the shape of the frame should be investigated by using the principle of identical strength. There will be the following rule for the shape of frame if the allowed normal stress of the material of the frame is A ½ 23
where I z ¼ 1 12 by 3 x ð Þ which indicates the moment of inertia of the cross section about the z-axis. The rectangular section of by x ð Þ is considered where the side y is parallel to thez-axis and the length is b. From equation (7) , y x ð Þ is calculated:
Formula (8) indicates that the height of the frame at x should abide by the inequality so that the largest strain at the position of x on the surface of the frame does not exceed the allowed strain by the material. Figure 2 illustrates the shape of the surface of an unfolded frame.
The profiles of the wing with respect to span obtained from the principle of identical strength can be all approximated as skew lines. With this conclusion, what follows will focus on the motion analysis and structure synthesis of the deployable frame of a morphing wing.
Synthesis of the deployable frame of the morphing wing
Based on the principle of identical strength, a terraced rectangular frame of the morphing wing is proposed Table 1 . Parameters of a morphing wing. to approach the identical strength frame shape shown in Figure 2 . As is shown in Figure 3 , the two terraced structures paralleling the horizontal plane on both sides only allow the elements they connected to move in the direction that parallels the horizontal plane, while the zigzag structures set in the middle are parallel to the vertical plane and only permit the elements hinged by them to move along the direction that is parallel to the vertical plane. Therefore, the terraced rectangular frames revolute jointed via two sets of such structures can only move along the intersecting line of the horizontal plane and vertical plane, namely x-axis in Figure 3 .
To illustrate the primary requirements for the motions of the deployable frame, a simplified structure is shown in Figure 4 . Every level of the terraced structure is made up of a number of quadrilateral elements parallels the horizontal plane, xoz. The zigzag structure is composed of RRR-link groups which are all parallel to the vertical plane, xoy. Every RRR-link group in the vertical plane and the corresponding quadrangle in the horizontal plane are connected by two beams paralleling the z-axis at both ends of them. In Figure 4 , beam A 1 A 2 is fixed with the fuselage and therefore the beam C 1 C 2 forms an end-effector simultaneously connected by three RRR chains, 4 have symmetric sizes about a vertical plane. Therefore, they provide the same planar constraints and subsequently increase the strength of the whole frame.
Suppose the coordinates of the revolute joints R 5 , R 41 , R 42 and R 4 at the instant are
individually. Also suppose that the coordinates of the revolute joints A 1 , B 1 and C 1 at the instant are
, respectively. The kinematic screws of the two chains can be expressed in the coordinate system shown in Figure 4 .
For the kinematic chain R 5 R 41 R 4 , the screws can be expressed as
where S R 5 R 41 R 4 represents the screw matrix of the chain R 5 R 41 R 4 .
Equation (9) shows that the y-coordinates of the joints never appear in the screw matrix, and this proves that the motion of a planar kinematic chain will not be affected by the changed size in the direction perpendicular to the chain plane, namely the y-direction.
The reciprocal screws of S R 5 R 41 R 4 can be obtained by substituting equation (9) in the following equation
where S r denotes the reciprocal screws to the screw matrix S, Á ¼ 0 I 3 I 3 0 ! and I 3 is an 3 Â 3 identity matrix.
By solving equation (10), constraint screw matrix is obtained
where S r R 5 R 41 R 4 represents the matrix of reciprocal screws to screw matrix S, For the kinematic chain R 5 R 42 R 4 , the screws can be expressed as As a matter of fact, the terminal constraints of kinematic chain R 5 R 42 R 4 are the same as those of R 5 R 41 R 4 which provide the redundant constraints and which are most useful to increase the strength and stiffness of the structure.
For the chain A 1 B 1 C 1 , the kinematic screw matrix can be similarly obtained
Substituting equation (14) into equation (10) presents the constraint screw matrix 
The three screws of S r A 1 B 1 C 1 represent a force constraint along the z-axis, a moment constraint about the x-direction and a moment constraint about the y-direction, respectively.
The terminal constraint screw matrix of the kinematic chain A 2 B 2 C 2 can be similarly proved to be the same as those of S r A 1 B 1 C 1 . So the deployable frame of the morphing wing proposed in this article is a highly redundant constraint mechanism which should have higher stiffness and strength than the general ones.
Therefore, the constraint screws exerted to the beam C 1 C 2 by the kinematic chains R 5 R 41 R 4 , R 5 R 42 R 4 , A 1 B 1 C 1 and A 2 B 2 C 2 can be expressed as the union of equations (11) and (15) 
Substituting equation (16) into equation (10) again gives the free relative motion of beam C 1 C 2 with respect to beam A 1 A 2 under the constraints of these kinematic chains
Equation (17) indicates that the beam C 1 C 2 only makes a translation with respect to beam A 1 A 2 . The same conclusion will be drawn when the above processes are applied to the next set of elements. Therefore, the frame has and only has one translational degree of freedom in the direction of x-axis. As a result, the primary requirements for stretching and compacting motions of the foldable frame are that there are at least two sets of planar kinematic chains locating in two planes that are not parallel to each other. This kind of mechanism is initially designed by Sarrus in 1853. 24 But for the use of foldable/deployable frame of a morphing wing, the more over constraints induced into the structure, the higher stiffness and strength it will have. The four sets of over constraint planar linkages in the horizontal plane and vertical plane for the deployable frame shown in Figure 3 are much better than the initial Sarrus mechanism for a morphing wing.
As the bearing frame of a wing, it should keep a proper aspect ratio. Therefore, a deployable structure with certain slope is particularly designed. Each quadrangle shown in Figure 5 is symmetric about its horizontal diagonal. For an example, in triangle R 1 R 12 R 2 , there is the following relation in line with the sine theorem
Similarly, there is the following formula in triangle R 2 R 22 R 3 :
If l 9 l 10 ¼ Á Á Á ¼ l 3 l 4 ¼ l 1 l 2 ¼ , then the following series holds
Equation (19) indicates that the deployable frame proposed in this article only needs one actuation to propel the folding or unfolding motion of the whole wing. Therefore, this kind of morphing wing could perfect the actuator setting on the one hand, and save the energy consumption comparing with those based on shape-memory alloy on the other hand.
Aeroelastics analysis of the deployable frame for the morphing wing
Since the frame can be deployed or folded in a fixed direction, the side structure can only stretch or compact in a line which is represented by the x-axis shown in Figure 6 where indicates the deploying angle of the structure.
With the distribution function of lift force specified by equation (2), the equivalent central forces exerted to every joint node can be shown in Figure 6 by integrating the distribution function within the neighborhood between every two-joint nodes.
where i ¼ 1, 2, . . . , 5, x i represents the x-coordinate of joint R i , F R i L ð Þ indicates the left equivalent force for joint R i and F R i R ð Þ indicates the right equivalent force for joint R i . Expanding equation (20) presents Figure 6 . The bearing structure.
The solutions of equation (21) are 
Without loss of generality, F R 6 L ð Þ can be assumed as
So the equivalent concentrated force for each node shown in Figure 6 can be expressed as
where i ¼ 1, 2, . . . , 6.
To analyze statics of the structure, a quadrilateral element shown in Figure 7 is investigated first.
There is the following equilibrium equation
where F 11 and F 12 represent the forces exerted to the distal joints of kinematic chains R 2 R 11 R 1 and Figure 9 . Deflection analysis of the first two quadrilaterals. R 2 R 12 R 1 , individually. Figure 8 illustrates the force exerted to the left half of the quadrilateral. As shown in Figure 8 , R i is the ith i ¼ 1, 2, . . . ð Þ revolute joint at intersections, numbered from the outer end to the inner end. Assume that d mn denotes the distance from R m to R n . So,
where m, n ¼ 1, 2, . . . , 6 and n 4 m.
The bending moment and the torque of every link can be expressed with
where F 11 is the external force applied to joint R 1 , M 1 stands for the additional moment of torque because of the action of F 11 on R 1 and x 1i 2 0, l 1i ½ , i ¼ 1, 2 which are shown in Figure 8 .
In line with the Castigliano's theorem and considering the symmetry of the structure, 25 the relative slope of the joint R 1 is
where E is the Young's elastic modulus, G represents the shear modulus of elasticity, I is the bending moment of inertia of the beam and I p stands for the rotational moment of inertia of the beam. Substituting equation (27) into equation (28) and rearranging yields 
which represents the virtual distance from force F 11 to joint R 1 .
The deflection of joint R 1 with respect to joint R 2 is 
Because the left and the right kinematic chains, R 2 R 11 R 1 and R 2 R 12 R 1 , are jointed at R 1 and R 2 , there must be
Substituting equations (32) and (33) into equation (34) and taking equation (25) into account, we obtain 
The deflections of the structure when two quadrilaterals are considered will be investigated next (Figure 9 ). With a similar process above, one can find that the force applied to every node will be equally undertaken by its two symmetry chains. Therefore, the node force exerted to the R n n ¼ 1, 2, . . . ð Þin what follows is directly represented by 1 2 F n . The bending moment and the torque of every link can also be similarly obtained in line with equation (27) 
where M 2 represents the additional moment of torque to the external force F 2 at joint R 2 .
In accordance to the Castigliano's theorem and considering the symmetry of the structure, 24 the following relationship should hold Figure 10 . Deflection analysis of the branch structure. 
where i denotes the slope of R i with respect to the spanwise direction. Table 2 lists the basic structure parameters and Table 3 lists the bending moment of inertia and rotational moment of inertia of every level structure.
With the material parameters shown in Table 2 , Table 3 and formula (42), the deflections and slopes of every node with respect to the deploying angle, shown in Figure 3 , during unfolding are illustrated in Figures 11 and 12 , individually. Figures 11 and 12 illustrate the deflections and slopes of every joint node on the foldable frame of the morphing wing when deploying from the folded state to the completely unfolded one. Figure 11 shows the upper and lower limit curves of the deflection of each joint node and Figure 12 shows the upper and lower limit curves of the slop of each joint node. Numerical analysis indicates that the changes of both deflections and slopes of every node of the morphing wing during unfolding process are limited into very narrow intervals when & ¼ 3, which is prescribed in Table 1 . Hence the deployment ratio, &,
@T i2 x ð Þ @F j ¼ 1 2 ðÀ1Þ iþ1 d j ðiþ1Þ sin iþ1 , @T i2 x ð Þ @M j ¼ cos iþ1 of the foldable frame can be designed much higher than the existing morphing wings, which is usually specified as & ¼ 3, even considering the allowable deflection under the completely unfolded situations. Traditionally, morphing wing skin is made of shape memory materials. 25 Considering that the shape memory materials are unavailable to follow the morphing action for a foldable frame with much larger deployment ratios, 5 for an example, this article proposes a convolute skin consisting of soft but strengthened ductile material to keep the smoothness of skin during folding and unfolding. The skin shown in Figure 13 (a) is set on the foldable frame through lateral beams attached to the joints of horizontal scissor frame. It allows the skin to be stretched simultaneously with the wing frame. So this kind of morphine wing always has smooth skin which is shown in Figure 13 (b). Therefore there is no ill-effect on the aerodynamics of the aircraft. Theoretically, one actuator is enough to control the folding and unfolding of the metamorphic wing. The actuator can be mounted on the first revolute joint of middle scissor linkage shown in Figure 13 (c). Therefore the number of actuators needed to control the wing should be the least.
Conclusions
This article focused on the foldable frame for a morphing wing. The over constraints of the frame not only keep the advantages of high structural stiffness and strength as a structure but also allow the morphing wing to move smoothly along the spanwise direction. The terraced structure of the foldable frame was synthesized from the viewpoint of identical strength principle. The deflection and slope of every joint node of the foldable frame were then investigated within the deploying/folding process. Numerical analysis indicates that the deployment ratio of the foldable frame can be designed much higher than the existing morphing wings even considering the allowable deflection under the completely unfolded situations. 
